The microRNA-183/96/182 cluster is highly expressed in the retina and other sensory organs. To uncover its in vivo functions in the retina, we generated a knockout mouse model, designated "miR-183C
M icroRNAs (miRNAs) are small, endogenous, noncoding, regulatory RNAs and represent a newly recognized level of gene-expression regulation (1) (2) (3) (4) . miRNAs have unique expression profiles in the developing and adult retina and are involved in normal development and functions of the retina in all species studied so far (5) (6) (7) (8) (9) (10) (11) (12) . miRNAs are dysregulated in the retina of retinal degenerative mouse models, suggesting their potential involvement in retinal degeneration (13, 14) . Conditional inactivation of dicer, an RNase III endonuclease required for miRNA maturation in cytosol (15) , in the mouse retina resulted in alteration of retinal differentiation and optic-cup patterning, increased cell death, and disorganization of axons of retinal ganglion cells (16) (17) (18) (19) , suggesting that miRNAs are important for normal development and functions of the mammalian retina. However, in vivo functions of individual miRNAs in the retina still are largely unknown.
Previously, we identified a highly conserved, intergenic, sensory organ-specific, paralogous miRNA cluster, the miR-183/96/182 cluster (hereafter, miR-183/96/182), contained within an ∼4-kb genomic segment on mouse chr6qA3.3 (8, 9) . In the adult retina, miR-183/96/182 is expressed specifically in all photoreceptors and in the inner nuclear layer (8, 10) . Developmentally, its expression is minimal in the embryonic retina but increases dramatically after birth and peaks in the adult retina, suggesting a role for miR-183/ 96/182 in maturation and normal functioning of the adult retina (8, 9) . Additionally, expression of miR-183/96/182 has a diurnal pattern, suggesting a potential role in rhythmic functions of the retina (8, 9) . Recently, miR-183/96/182 also was shown to be light responsive, independent of the circadian cycle (20) . Targeted deletion of miR-182 alone in mouse did not result in a discernible phenotype, suggesting functional compensation by miR-183 and miR-96 (21) . Point mutations of miR-96 were reported to result in progressive, nonsyndromic hearing loss in both human (22) and mouse (23) ; however, there was no apparent retinal phenotype, an observation that suggests miR-96 plays a major role in the inner ear but not in the retina (22) (23) (24) (25) . Finally, a recent report showed that knockdown of miR-183/96/182 in postmitotic rod photoreceptors in a miRNA-sponge transgenic mouse model resulted in increased susceptibility to light damage in the retina (26) ; however, no histological or functional defects of the retina were observed under normal lighting conditions (26) . Thus, in vivo functions of miR-183/ 96/182 in the retina remain uncertain.
To search for the in vivo functions of miR-183/96/182, we first dissected the genomic structure of the gene encoding miR-183/96/ 182 (hereafter referred to as "the miR-183/96/182 gene") and characterized a gene-trap embryonic stem cell (ESC) clone (27) (28) (29) in which the gene-trap construct was inserted downstream of the first exon of the miR-183/96/182 gene, designated as "miR-183C
GT allele." Using this ESC clone, we generated a mouse model, designated as "miR-183C
GT/GT
," in which the miR-183/96/182 gene is inactivated, and the β-geo cassette in the gene-trap construct reliably mirrors the endogenous expression patterns of miR-183/96/182.
Results

miR-183/96/182 Cluster Resides in the Intron of a Potentially Protein-
Coding Gene. The genomic features around miR-183/96/182 include two CpG islands ∼3.4-6.5 kb 5′ of premiR-183, the most 5′ miRNA of the cluster ( Fig. 1A ; and SI Appendix, Fig. S1 and Sequence (Seq.) S1) (http://genome.UCSC.edu/) (8) . A cDNA clone, AK044220, extends ∼3.2-4.6 kb 5′ to premiR-183, encompassing the second CpG island ( Fig. 1A and SI Appendix, Fig. S1 ). Multiple expressed sequences detected in gene-trap clones (27) , including D016D06 (28, 29) [deposited by the German GeneTrap Consortium (GGTC) (http://tikus.gsf.de)], colocalize in AK044220 ( Fig. 1A and SI Appendix, Fig. S1 ), suggesting a 5′ exon of the miR-183/96/182 gene. The region 3′ of miR-183/96/182 contains an EST clone, BB709579, ∼6 kb 3′ of premiR-182 (Fig. 1A) , suggesting the miR-183/96/182 gene has a downstream exon. To confirm this model, we designed multiple primers complementary to the predicted exons to perform 5′ and 3′ RACE and RT-PCR using total RNA of the mouse retina and D016D06 ESCs followed by sequencing (see SI Appendix, Figs. S2 and S3 for details).
Our results showed that the miR-183/96/182 gene spans more than 15 kb, with at least two alternatively spliced transcripts (Fig.  1B) . Both transcripts start from the nucleotide (nt) G, 3,943 nt 5′ to premiR-183 (−3943G) and use the same exon 1 (Ex1) (Fig. 1B and SI Appendix, Seq. S1). Transcript I is at least 979 nt and comprises Ex1 and exon 2 (Ex2), separated by a 3,213-bp intron. However, the 3′ RACE product detecting Ex2 stopped 197 nt 5′ to premiR-183 and did not extend beyond miR-183/96/182 (Fig. 1B and SI Appendix, Seq. S1). Thus, the 3′ end of transcript I is not yet fully determined. Transcript II is about 1,432 nt and consists of Ex1 and an alternatively spliced exon 2′ (Ex2′), which is 14 kb downstream of Ex1. Ex2′ is 986 bp in size with a polyA signal (Fig. 1B and SI Appendix, Seq. S1). The structure of transcript II clearly positions miR-183/96/182 in the intron of the miR-183/96/182 gene ( Fig. 1B and SI Appendix, Seq. S1).
Transcript I has no ORF >30 codons, whereas transcript II has at least four ORFs, all of which reside in Ex 2′ (Fig. 1B and SI Appendix, Seqs. S2 and S3). In phase I of the sequence, two ORFs consist of 98 (P98-1) and 70 (P70-1) codons, respectively. Phases 2 and 3 each have an ORF of 63 codons (P63-2 and P63-3). None of the putative peptides contain known conserved functional domains; however, P98-1 encodes motifs found in proteins from multiple species (SI Appendix, Fig. S4 ). Thus, there is a possibility that the miR-183/96/182 gene encodes one or more peptides.
Characterization of the Gene-Trap Allele, miR-183C
GT , and Production of miR-183C
GT/GT Mice. Gene-trap clone D016D06 was derived from insertion of a retroviral construct, rFlpROSAβgeo, in 129S2 ESCs ( Fig. 1 A and C) (http://tikus.gsf.de) (28, 29) . The rFlpROSAβgeo construct carries a promoterless reporter gene, the β-geo cassette [an in-frame fusion of the β-galactosidase and neomycin resistance genes (30)], with a splicing acceptor (SA) immediately upstream and a polyA signal downstream of the β-geo cassette (Fig. 1C) . To determine the location of the insertion of the construct in the "gene-trapped" allele, designated as "miR-183C
GT ," we sequenced the product of genomic PCR using primers in intron 1 and in the gene-trap construct (Fig. 1C and SI Appendix, Seq. S1). Our results revealed that the gene-trap construct was inserted 1,848 bp downstream of Ex1 in intron 1 of the miR-183/96/182 gene. In the trapped allele, Ex1 of miR-183/96/182 gene spliced to β-geo, creating a fusion transcript (Fig. 1C ) that stops after the polyA signal of the β-geo cassette, preventing transcription of miR-183/96/182. This result predicts that miR-183C
GT/GT mice would have complete loss of function of the miR-183/96/182 gene, whereas the β-geo cassette under the control of native regulatory elements should report endogenous expression pattern of the gene.
To test this model, we generated chimeric mice using the D016D06 ESCs (SI Appendix, Figs. S5-S7 and Table S1 ). Germline-transmitting F1 and F2 mice were produced. Genotypes of the F2 mice followed the expected Mendelian inheritance pattern (SI Appendix, Fig. S8 ). The miR-183C
GT/GT mice generally had decreased body weight (by ∼24%) and size (SI Appendix , Fig. S8 however, their overall survival and life span were not significantly different from their wild-type and heterozygous littermates. GT/GT Mice. Using RT-PCR ( Fig. 2 A and C) and Northern blot analyses (Fig. 2B) , we showed that both alternatively spliced transcripts ( Fig. 2A) and three mature miRNAs of the miR-183/96/182 gene were undetectable in the retina of miR-183C GT/GT mice ( Fig. 2 B and C) , whereas the Ex1/β-geo fusion transcript was present only in miR-183C
GT/GT but not in the wild-type retina ( Fig. 2A) . Similarly, all 3p miRNAs of the cluster also were abolished in the retina (SI Appendix, Fig. S9B ).
To test whether the expression of miR-183/96/182 was affected in other sensory organs, we performed quantitative RT-PCR (qRT-PCR) analysis using RNA isolated from the inner ear (IE), tongue epithelia, dorsal root ganglions (DRGs), and olfactory epithelia (OE) (Fig. 2 D-G) and found no detectable expression of miR-183/ 96/182 in any major sensory organs of miR-183C
GT/GT mice. We conclude that the miR-183/96/182 gene was completely inactivated in miR-183C
GT/GT mice.
β-Geo Cassette Reports Endogenous Expression Patterns of the miR-183/96/182 Gene. X-Gal staining in the adult miR-183C GT/+ retina showed specific expression of β-gal in all photoreceptors in the outer nuclear layer (ONL) and in a subgroup of ganglion cells (Fig. 3  A-C) , similar to the previously described expression pattern of miR-183/96/182 (5, (8) (9) (10) . We also observed staining in the outer portion of the inner nuclear layer (INL); the punctate pattern suggested that the X-gal positive signals in the INL possibly were derived from synapses of the photoreceptors (SI Appendix, Fig. S10 ).
X-Gal staining of retina harvested every 4 h from adult miR-183C
GT/+ mice maintained in constant darkness showed that the intensity of X-Gal staining in photoreceptors followed a circadian rhythm, with peak intensity at Circadian Time (CT)1 and trough at CT13 (Fig. 3 D and E) . This rhythm is in an approximately opposite phase to that we detected for miR-183/96/182 at the RNA level (8) , likely reflecting the delay from transcription to the production of functional β-gal protein. Similar delays from transcription to protein expression have been reported in many other rhythmic genes (31) (32) (33) .
To demonstrate the developmental expression pattern, we performed X-Gal staining in the retinas of embryonic day (E)10.5, E14.5, E16.5, and E18.5 and postnatal day (P)1, P2, P5, and P10 heterozygous mice. The result showed that, similar to our previous qRT-PCR analysis on the mature miRNAs of the cluster (8), β-gal was not detectable in the embryonic stages or at P1 but started to express in the outer neuroblast layer (ONBL) at P2, was drastically up-regulated at P5, and was increased further at P10 and the adult stage (Fig. 3F) . We conclude that the β-geo cassette of the miR-183C
GT allele reports the endogenous expression pattern of the miR-183/96/182 gene in the retina developmentally, spatially, and temporally.
Also consistent with our previous results at the RNA level, XGal staining in other sensory organs of miR-183C
GT/+ mice showed specific expression in all sensory epithelia in the IE, OE, and the pheromone-sensing vomeronasal organ (VNO), papillae of tongue epithelia, and DRGs ( Fig. 4 ; and SI Appendix, Figs. S11-S13). We also observed abundant expression in the olfactory bulbs ( GT/GT mice. The most prominent defect, decreased b-wave amplitude in miR-183C
GT/GT mice as compared with their age-matched, wild-type controls, was common to scotopic ( Fig. 5 B, g-i) and photopic ERGs ( Fig. 5D ) and was detectable in mice as early as 5 wk of age, at a time when the histology of the retina was normal (see below). The ERG abnormalities progressed with age, and photopic b-wave amplitudes were more severely affected than scotopic ERGs ( Fig. 5 and SI Appendix, Fig. S15 and Table S2 ). At 1 y of age, the photopic b-wave amplitude of miR-183C GT/GT mice was <10% that of wild-type littermate controls (Fig. 5D ). The ERG b wave is derived mostly from activities of depolarizing bipolar cells (36) (37) (38) (39) ; defects in bipolar cells and photoreceptor synaptic transmission can produce defective b waves. Because miR-183/96/182 is expressed predominantly in photoreceptors, it is likely that the reduction in b-wave amplitude in miR-183C
GT/GT mice reflects defective synaptic transmission in rods and cones.
The photopic and scotopic a-wave amplitudes were normal in 5-wk-old miR-183C
GT/GT mice but decreased with age, and, as with the b wave, the photopic amplitude decreased more quickly than the scotopic amplitude ( Fig. 5 B, a-c and D): At 6 mo of age the photopic a-wave amplitude was reduced to 40% of control, and by 1 y it was <10% of control. The scotopic a-wave amplitude was normal until age 1 y, when it was reduced to 43-65% of control ( Fig. 5D and SI Appendix, Table S2 ). The ERG a wave reflects the electrical response of photoreceptors to light (40) (41) (42) . These results suggest that in miR-183C
GT/GT mice the phototransduction pathways of rods and cones became significantly compromised with time, cones more so than rods. GT allele. Transcript I was detected by RT-PCR using primers 2F/3R followed by nested PCR using 2.1F/ 3R-1. Transcript II was detected by RT-PCR using 2F/5R and nested PCR using 2.1F/5Rnest. The Ex1/β-geo fusion transcript of the miR-183C ERG latency, the time from the onset of stimulus to the beginning of the a wave, and implicit time, the time from the onset of light stimulus to the peak of the b wave, of both scotopic and photopic ERGs were increased in miR-183C GT/GT mice from age 6 mo, with more severe and persistent changes in photopic ERGs ( Fig. 5 B and D and SI Appendix, Table S2 ), suggesting more severe synaptic transmission defects in the cone pathway.
ERG tests in heterozygous miR-183C +/GT mice at all ages showed no significant defects compared with their age-matched wild-type controls.
Inactivation of the miR-183/96/182 Gene Results in Progressive Retinal
Degeneration. At 5 wk of age, despite significant ERG abnormalities, the retinas of miR-183C
GT/GT mice were histologically indistinguishable from those of littermate controls (Fig. 6A ). By age 6 mo, however, miR-183C
GT/GT mice showed retinal degeneration with decreased thickness of the ONL (Fig. 6B) , which had progressed at 1 y of age (Fig. 6C) . Intriguingly, the superior retina was more affected than the inferior retina. At age 6 mo, the number of nuclear layers of the ONL of the superior retina was decreased by ∼30%, whereas no significant changes were detected in the inferior retina (Fig. 6B) . At age 1 y, ONL thickness was decreased in the entire eye, but the superior retina continued to be affected more severely (decreased by 40-52%) than the inferior retina (decreased by 30-43%) (Fig. 6C) .
Consistent with ERG results, heterozygous miR-183C +/GT mice showed no significant retinal degeneration compared with wild-type littermates at all ages tested.
Inactivation of the miR-183/96/182 Gene Results in Increased
Susceptibility to Light Damage. To determine if miR-183/96/ 182 influences the response of the retina to light damage, we exposed miR-183C GT/GT mice and wild-type littermates to 10,000-lx cool, white fluorescent light for 2 h followed by 2 wk in the dark. Retinas of miR-183C
GT/GT mice showed increased light toxicity as compared with wild-type littermates ( Fig. 6D and SI Appendix, Fig. S16 ). As with aging, the superior retina was more damaged than the inferior retina. The number of nuclear layers in ONL of the superior retina was decreased by 48-62% in miR-183C
GT/GT mice compared with their wildtype littermates; this decrease was similar to or worse than the extent of degeneration in 1-y-old miR-183C
GT/GT mice without light exposure (Fig. 6 C and D) . The inferior retina had much less damage, suggesting that the superior retina is intrinsically more vulnerable to degenerative changes. This result is consistent with a recent report that knockdown of miR-183/96/182 in postmitotic photoreceptors resulted in increased susceptibility to light damage in the superior but not the inferior retina (26) .
Inactivation of the miR-183/96/182 Gene Results in Photoreceptor
Ribbon Synaptic Defects. To identify target genes of miR-183/96/ 182 and to understand the mechanisms of functional defects in the retina of miR-183C
GT/GT mice, we performed gene-expression profiling using the Affymetrix GeneChip Mouse Genome 430A_2.0 and total RNA from 5-wk-old miR-183C
GT/GT mice, a time when there is no histological evidence of degeneration in the retina (SI Appendix, Fig. S17 and Tables S3-S9). A total of 1,341 genes showed significant differences in expression levels in miR-183C GT/GT mice as compared with wild-type littermates (P < 0.05; fold change ≥1.2 folds) (SI Appendix, Tables S4-S6) . Functional annotation analysis of the genes with altered expression showed significant enrichment for those involved in synaptogenesis (P = 3.2 × 10 ) (SI Appendix, Table S7 A and B). In addition, key members of the classical complement system and Class I MHC (MHCI) molecules also were significantly enriched in the genes with increased expression (SI Appendix, Table S8 ). Members of the classical complement cascade and MHCI are expressed in retina and the central nervous system and play important roles in synaptic remodeling and connectivity (43) (44) (45) (46) (47) (48) (49) . These results are consistent with the ERG data indicating that inactivation of miR-183/96/182 gene results in abnormal photoreceptor synaptic transmission.
Neurotransmission of retinal photoreceptors is accomplished by a unique type of chemical synapse-the ribbon synapse-at their termini (50, 51) . To evaluate the status of photoreceptor termini and ribbon synapses, we first performed immunofluorescence (IF) using synaptic markers. Ribeye/CtBP2, a major component of synaptic ribbons (52) , normally has a horseshoe-shaped staining pattern in the wild-type photoreceptor termini (Fig. 7 A and C) . However, Ribeye/CtBP2 staining became shorter and less defined, with dispersed immunoreactive puncta of variable size and less intensity in the miR-183C
GT/GT retina as early as age 5 wk (Fig. 7 A, B , E, and F), suggesting early-onset abnormalities of synaptic ribbons. This difference became more striking in 1-y-old animals ( Fig. 7 C and D) , suggesting the progression of synaptic defects. Consistently, peanut agglutinin (PNA) staining, which labels the inner and outer segment as well as pedicles of cone photoreceptors (53) , showed that the number and size of cone pedicles apparently were decreased in 5-wk-old miR-183C GT/GT mice ( Fig. 7 E and F) and were reduced further in 1-y-old mice (SI Appendix, Fig. S18 ), suggesting defects in the maturation of photoreceptor termini.
To evaluate the photoreceptor synaptic structures directly, we performed EM of the retinas of 5-wk-old mice. Consistent with Ribeye/CtBP2 IF data, EM showed that, although synaptic ribbons were developed, ribbon size was decreased significantly in the miR-183C
GT/GT mice as compared with their wild-type littermates (Fig. 7 G-J) .
Taken together, these observations support the notion that members of miR-183/96/182 modulate synaptic connections of photoreceptors to downstream neurons by directly and indirectly regulating a wide range of molecules involved in synaptogenesis and synaptic transmissions, contributing to retinal functional defects of miR-183C
GT/GT mice (see Fig. 9 ). : n = 10, 3, and 4 for 5-wk-, 6-mo-, and 1-y-old mice, respectively. *P < 0.05; **P < 0.01; ***P < 0.001 between miR-183C GT/GT and age-matched wild-type controls. (D) Comparison of photopic a-and b-wave amplitudes, latency and implicit time of miR-183C
GT/GT and age-matched wild-type control mice. miR-183C +/+ : n = 3 at all ages; miR-183C
GT/GT
: n = 4, 3, and 4 for 5-wk-, 6-mo-, and 1-y-old mice, respectively. Error bars indicate SEM.
# P < 0.05; ## P < 0.01; ### totransduction pathway and to be responsible for retinal diseases (SI Appendix, Table S9 ). By qRT-PCR analysis, we confirmed reduced expression of M-cone opsin, Opn1mw, and cone-specific arrestin, Arr3, by 2.54-and 2.74-fold, respectively (SI Appendix, Table S9 ; see also SI Appendix, Table S11B ). IF of whole-mount retina and retinal sections validated that Opn1mw was decreased in the retina of 5-wk-old miR-183C GT/GT mice ( Fig. 8 A and B) . Quantification of M opsin-and PNA-positive cones in the wholemount retina showed that both the total number and the percentage of M opsin-positive cones in total cones (PNA-positive) were decreased significantly in the superior retina, by 49% and 26%, respectively (Fig. 8A) , whereas no significant changes were seen in the total number of cones or the number of M opsinpositive cones in the inferior retina. At age 1 y M opsin was almost completely lost in miR-183C GT/GT retina (Fig. 8C ). These data suggest that M opsin-positive cones were the most affected photoreceptors in miR-183C
GT/GT mice and that this increased functional vulnerability of M opsin-positive cones leads to more severe and faster-progressing defects in photopic ERGs (Fig. 5) and to the uneven distribution of retinal degeneration in miR-183C GT/GT mice (Fig. 6) .
Inactivation of the miR-183/96/182 Gene Also Results in Vestibular
Dysfunction. In addition to retinal defects, miR-183C GT/GT mice exhibit circling behavior and an unstable gait (Movies S1 and S2). These phenotypic features are typical of defects in vestibular organs (54) and appeared as early as 4 wk of age. Because miR-183/96/182 is highly expressed in the vestibular organs (Fig. 4 A and C), this phenotype likely indicates defects in the vestibular organ and possibly in other sensory organs. In the current work we have focused on the retina.
Discussion
We have shown that the miR-183/96/182 cluster is located in an intron of a three-exon gene that spans more than 15 kb on mouse Chr6qA3.3. The transcription start site of the miR-183/96/182 gene is about 4.4 kb upstream of premiR-183 (Fig. 1B) . This location was consistent with predictions by genomic and epigenomic signatures for active promoters (55, 56) . There are two possible transcripts (I and II) differing by alternative utilization of the second exon with the miR-183/96/182 cluster residing in intron 1. Transcript II has four possible ORFs, encoding putative peptides of 63-98 aa, suggesting that the miR-183/96/182 gene is potentially a protein-coding gene. Proteomic studies will be required to determine if any of these peptides actually are produced.
We characterized a gene-trap ES clone, D016D06, in which the gene-trap construct was inserted downstream of Ex1 in the intron of the miR-183/96/182 gene (Fig. 1C) , and we used this cell line to produce a mouse model, the miR-183C
GT/GT mouse, in which the miR-183/96/182 gene was inactivated (Fig. 2) . In qRT-PCR analysis, low levels of expression (<34% of wild-type control) of members of the miR-183/96/182 cluster were detected in the OE (Fig. 2G ). This expression may be a result of nonspecific amplification; however, we cannot exclude the possibility that alternative promoter(s) 3′ to the gene-trap insertion site may have resulted in leaky expression of the cluster in the OE.
Using X-Gal staining, we confirmed that the β-geo cassette in the gene-trap allele, miR-183C GT , followed endogenous expression patterns of the cluster developmentally, spatially, and temporally in all major sensory organs (Figs. 3 and 4 and SI Appendix, Figs. S11-S13), providing a powerful expression-tracing marker for the miR-183/96/182 gene. We also identified expression in the VNO (Fig.  4B ) and pineal body (Fig. 4C and SI Appendix, Fig. S14 ), expanding the known expression domains of miR-183/96/182 gene.
We demonstrated that inactivation of the miR-183/96/182 gene in miR-183C
GT/GT mice results in abnormalities of both scotopic and photopic ERGs, with decreased b-wave amplitudes as the most prominent defect (Fig. 5 and SI Appendix, Fig. S15 ). The ERG b wave reflects activities of depolarizing bipolar cells (36) (37) (38) (39) . Because, in retina, miR-183/96/182 is expressed predominantly in photoreceptors, our results suggest that the decreased b-wave amplitude in miR-183C
GT/GT mice is a consequence of impaired synaptic transmission of photoreceptors. The defects in b-wave amplitude were detected as early as age 5 wk, the earliest time tested (Fig. 5) , suggesting that, in miR-183C
GT/GT mice, functional synaptic connections between photoreceptors and downstream bipolar cells are not properly established.
This model is supported by our gene-expression analysis on the retina of miR-183C
GT/GT mice. We found that the genes with significantly altered expression included those involved in GT/GT and wild-type littermate control mice 2 wk after a 2-h exposure to bright light. # P < 0.06; *P < 0.05; **P < 0.01; ***P < 0.001. synaptogenesis, synaptic contact, and transmission of nerve impulses (SI Appendix, Table S7 ). Using qRT-PCR, we confirmed the differences in expression of glutamate transporter, solute carrier family 1, member 1 (Slc1a1) (∼1.9-fold increase) (20, (57) (58) (59) , acetylcholinesterase (AChE) (∼1.4-fold increase) (60, 61) , cholinergic receptor nicotinic beta polypeptide 1 (Chrnb1) (2.0-fold increase) (62), Cortactin (Cttn) (∼1.4-fold increase) (63) (64) (65) (66) (67) (72) (73) (74) , vesicle-associated membrane protein 8 (VAMP8) (∼1.8-fold increase) (75) (76) (77) (78) (79) (80) , presenilin 2 (Psen2) (81-86) (∼1.5-fold increase), and calcium channel, voltage-dependent, alpha 2/delta subunit 3 (Cacna2d3) (∼1.7-fold decrease) (39, 87-90) (SI Appendix, Tables S7, S10, and S11). Slc1a1, Cttn, Chrnb1, and Psen2 are experimentally confirmed and/or predicted targets for members of miR-183/96/182 (20, 91) (SI Appendix, Table S7B ), suggesting that miR-183/96/182 directly regulates the expression of these genes.
Our gene-expression analysis also revealed that expression of genes encoding key components of both classical complement system and MHCI molecules, including C1qc and C4B, H2-K1, and B2M, were increased significantly in the retina of miR-183C
GT/GT mice, by 1.5-1.7 fold (SI Appendix, Table S8 ), suggesting that activation of the complement system and dysregulation of MHCI molecules contribute to defects of synaptic connectivity in the retina of miR-183C
GT/GT mice. The classical complement cascade recently has been shown to play important roles in selective elimination of inappropriate synapses during a discrete window of postnatal development of the visual system (43) . Aberrant expression of C1q in synapses of adult retina is suggested to contribute to synapse loss in glaucoma mice (43) . MHCI molecules, components of the adaptive immune system, also are shown to participate in activity-dependent synaptic remodeling (45) (46) (47) (48) (49) .
Our hypothesis that abnormal photoreceptor synaptic connection is the primary defect in the mutant retina was proved further by IF and EM studies. PNA staining revealed decreased number and size of cone pedicles in the outer plexiform layer (OPL), suggesting defects in photoreceptor terminal development (Fig. 7  E and F) . Ribeye/CtBP2 IF (Fig. 7 A-F) and EM (Fig. 7 G-J) consistently demonstrated that the size of synaptic ribbons was decreased significantly in the miR-183C
GT/GT mice as early as age 5 wk. These defects worsened with age in 1-y-old mice (Fig. 7 C and D and SI Appendix, Fig. S18 ).
The synaptic defect of the retina of miR-183C GT/GT mice is consistent with IE abnormalities of miR-96 mutants (22, 23) , in which there is arrest of hair cell development around P0; remodeling of the auditory nerve synaptic connections within the cochlea fails to occur (24) . These results suggest that defining functional synaptic connections may be a conserved function of the miR-183/96/182 cluster in sensory organs.
Mouse retina has dichromatic color vision, with cones expressing two opsin photopigments sensitive to short (S-opsin) or middle (M opsin) wavelengths (92) . The expression of cone opsins follows distinct temporal and spatial controls. S-opsin is more concentrated in the inferior retina, and M opsin is expressed predominantly in the GT/GT (red; n = 72) and miR-183C +/+ littermate controls (black; n = 49) (J). Data are shown as mean ± SEM; *P < 0.01. superior cones (93, 94) . Developmentally, M opsin is induced in the second postnatal week and is the last of all the opsins in photoreceptors to be expressed (95, 96) . In retina, the miR-183/96/182 cluster expression increases significantly only after birth (8) ; therefore, these miRNAs function mostly in the postnatal retina. Inactivation of the cluster may have the greatest impact on the expression of the last-expressed M opsin. Our microarray profiling and qRT-PCR (SI Appendix, Tables S9 and S11B) showed that M opsin expression was decreased significantly, by ∼2.5-fold, in 5-wkold miR-183C
GT/GT mice. The total number and the percentage of M opsin-positive cones were decreased significantly in miR-183C GT/ GT mice (Fig. 8A) , suggesting that some cones were generated but failed to express M opsin. Our result also showed that the total number of cones was slightly decreased in the superior retina (22%) (Fig. 8A) , possibly as the result of either decreased production or degeneration. Nevertheless, decreased expression of M opsin may affect the overall competence and survival of M opsin-positive cones, resulting in the greater degeneration in the superior retina than in the inferior retina (Fig. 6 B and C) , the greater sensitivity to light damage (Fig. 6D) , and the more severe photopic ERG abnormalities than scotopic ERG seen in miR-183C
GT/GT mice (Fig. 5) . In addition to M opsin, our gene-expression profiling revealed that many other genes involved in the phototransduction pathway and photoreceptor morphogenesis are dysregulated modestly (by ∼1.2-2.3 fold) (SI Appendix, Table S9 ). Rora, a key transcription factor, which normally is expressed in cones from P3 and is required for cone expression of opsin (97), is decreased modestly (by ∼1.3 fold) in the retina of miR-183C
GT/GT mice (SI Appendix, Table  S9A ), possibly contributing to decreased expression of M opsin. Another key transcription factor, Nrl, which regulates many photoreceptor-specific genes and the terminal differentiation of rod photoreceptors (98) (99) (100) (101) (102) (103) , is reduced slightly (by ∼1.2 fold) in the retina of miR-183C
GT/GT mice (SI Appendix, Table S9 ). Decreased expression of these key transcription factors may contribute to secondary decreased expression of a wide range of photoreceptorspecific genes. Additional proteomic studies on gene-expression changes at protein levels in the retina will provide deeper insight into their impact on retinal defects of miR-183C
GT/GT mice. Although ERG a waves did not show significant changes initially in 5-wk-old miR-183C
GT/GT mice (Fig. 5) , there may be subtle functional changes in individual photoreceptors; because ERGs represent the combined electrical activity of different cells in the retina, subtle changes in individual photoreceptors may not be fully detected. Single-cell recording of rod and cone photoreceptors (104) using different wave-length stimuli may differentiate early subtle functional changes of different photoreceptors in miR-183C
GT/GT mice. The miR-183C
GT/GT mouse is a model of the complete inactivation of the cluster gene. The 3p miRNAs are expressed at much lower levels than the predominantly expressed miR-183, miR-96, and miR-182 (SI Appendix, Fig. S9) , and whether the putative peptides encoded by transcript II (Fig. 1B) are translated in vivo still needs to be determined. We could not exclude the possibility that the 3p miRNAs, the two transcripts, and their putative peptides had physiological functions in vivo. Consequently, phenotypes and geneexpression changes in miR-183C
GT/GT mice must be considered as a result of a combined loss of all products of the cluster gene. Therefore, our miR-183C
GT/GT mouse model provides insights into the overall functions of the cluster gene. However, the exact functions of each product of the cluster gene are yet to be defined. A "clean" knockout of the miRNA cluster without disruption of the transcripts will help determine whether these phenotypes are a result of the loss of the miRNAs of the cluster. Transgenes of individual products or combinations of individual products of the cluster gene in miR-183C GT/GT mice will help dissect the functions of each component of the cluster gene and/or its contribution to the phenotypes and gene-expression changes in miR-183C
GT/GT mice. Therefore, our miR-183C
GT/GT mouse model provides an important tool for studying the functions of individual products of the miR-183/96/182 gene in all sensory organs.
In mouse, both rod and cone photoreceptor differentiation and synaptogenesis occur postnatally, starting at P4-5 (105), coincident with developmental up-regulation of miR-183/96/182 (Fig. 3F) . Our data suggest that the miR-183/96/182 gene plays important roles in postnatal functional photoreceptor differentiation by directly and indirectly regulating the expression of genes important for synaptogenesis and synaptic function, photoreceptor morphogenesis, and phototransduction pathway. Inactivation of the cluster disrupts the homeostasis and function of the photoreceptors, leading to progressive degeneration of the retina (Fig. 9) . The ERG abnormalities in these mice resemble those observed in human incomplete stationary congenital night blindness (106) and in the mouse mutants lacking b waves (39).
Although not yet fully characterized, the prominent vestibular dysfunction of miR-183C
GT/GT mice suggests defects in the IE and possibly in other sensory organs. Thus, these animals exhibit a sensory syndrome clinically reminiscent of Usher syndrome (107) . However, retinal defects in Usher syndrome are manifested as retinitis pigmentosa, with rod photoreceptors primarily affected initially (107) , whereas in miR-183C
GT/GT mice the functions of photoreceptors were relatively normal initially, and cone photoreceptors were most vulnerable to degeneration. Although the phenotypes and molecular changes in miR-183C
GT/GT mice are not a perfect match for any known human disease, patients with mutation-negative Usher-like syndrome would be good candidates for miR-183/96/182 loss-offunction mutations. Studies on genetic variation or polymorphisms around the miR-183/96/182 gene are warranted in patients with age-related, progressive retinal and/or multiple sensory defects and other neurological conditions.
Materials and Methods
Gene-Trap Cell Line and Mouse Production. Gene-trap ESC clone D016D06, was obtained from the German Gene Trap Consortium (http://tikus.gsf.de/). Standard protocols of ESC culture were followed as described previously (108) . Chimeric mice were produced at the Transgenic Core Facility of the University of Illinois at Chicago using standard protocols (109) . See SI Appendix for more details of ESC characterization and mouse production. Mice were kept in 12-h light (<100 lx)12-h dark cycles with light on at 7:00 AM [zeitgeber time (ZT) 0] and off at 7:00 PM (ZT12). Animal care and husbandry followed National Institute of Health (NIH) and Association for Research in Vision and Ophthalmology (ARVO) guidelines. All protocols were approved by the Institutional Animal Care and Use Committee of Rush University Medical Center.
RNA Isolation and Northern Blot Analysis. Protocols for RNA isolation and Northern blot analysis as described previously (8) were followed with modifications. See SI Appendix for more details.
ERG. ERGs were carried out using a portable hmsERG machine (OccuScience). For scotopic ERG, we followed a protocol similar to that we described previously (110), with modifications. For photopic ERGs, a protocol similar to that previously described (111) was followed. See SI Appendix for more details.
Preparation of Cryoprotected Sections of Adult and Embryonic Mouse Retina.
A protocol similar to that described previously was followed (108) . To collect embryonic retinas, we checked vaginal plugs in the females in the breeding cages every morning. When a female was plugged, we separated her from the male, recorded the date of plugging, and registered the predicted age of the embryo as 0.5 d postconception (d.p.c). We harvested the eyes at E14.5 and E16.6 and at 18.5 d.p.c. For postnatal age, we designated the day of birth as P1.
H&E Staining and Measurement of Retinal Layers. Standard H&E staining was performed as described previously (108) . Retinal thickness was measured using NIS-Elements BR software on a Nikon Eclipse 80i microscope. Moving outwards from the optic nerve, measurements of the OS, ONL, OPL, INL, and IPL were taken every 500 μm on live color images; the number of nuclear layers across the ONL also was counted. Statistical analysis was performed using two-tailed t tests.
X-Gal Staining. X-Gal staining was performed as described previously (108) . See SI Appendix for more details.
Antibodies, IF, and PNA Staining. Antibodies against rhodopsin (Ab5417; AbCam), M opsin (AB5405; Millipore), S-opsin (AB5407; Millipore), Ribeye/ CtBP2 (612044; BD Bioscience), PSD95 (75-028; Antibody Inc.), and synaptophysin (MAB5258; Millipore) were used as primary antibodies. Alexa Fluorconjugated secondary antibodies were purchased from Invitrogen. IF was performed as described previously (112) . Fluorescein and rhodamine-conjugated PNA was purchased from Vector Laboratories. For PNA staining on retinal sections, PNA (200 μg/mL) was incubated with sections for 1 h at room temperature followed by a 10-min postfixation. For whole-mount retinal IF, a protocol similar to that previously described (113) was followed. For quantification of cones in whole-mount retina, a protocol previously described by Ng et al. (95) was followed. See SI Appendix for more details.
EM. Eye cups were fixed in 3% paraformaldehyde, 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) for 2 h at room temperature and then were processed for conventional EM as previously described (114) . See SI Appendix for more details.
Gene-Expression Profiling, Data Analysis, and Confirmation Study. GeneChip Mouse Genome 430A_2 Array (Affymetrix) was used for gene-expression profiling. The probe labeling, GeneChip hybridization, and data collection were performed at the Core Facility of Research Resource Center at the University of Illinois, Chicago. See SI Appendix for more details.
Light-Damage Experiment. Mice were dark adapted overnight before the light-damage experiment. Pupils were dilated using 1% tropicamide solution and 2.5% phenylephrine (Bausch & Lomb) for 15 min. Then mice were exposed for 2 h to 10,000-lx cool, white fluorescent light in cages lined with aluminum foil. After light exposure mice were kept in the dark for 2 wk before being killed for preparation of retinal sections.
